The endangered Chinese giant salamander ( Andrias davidianus ) is endemic to mainland China. Genetic divergence among six populations of the species was investigated by means of isozyme electrophoresis and mitochondrial DNA (mtDNA) sequences. Forty allozyme loci were resolved for all populations; the amount of genetic divergence among populations was comparable to that in other amphibians. mtDNA sequences showed a similar level of divergence. The population from Huangshan is distinct from other populations, indicating the existence of localized divergence. Both allozyme and mtDNA data failed to associate the populations into a pattern corresponding to the three Chinese river systems, which may be the consequence of human relocation. Conservation policies should emphasize the protection of localized populations and cessation of human-facilitated introductions. Future studies should focus on investigating the divergence among localized populations from isolated mountain regions, particularly using more fine-grained techniques such as microsatellite DNA.
Intorduction
The Chinese giant salamander ( Andrias davidianus ) is the largest extant species of amphibian, reaching 1.7 m in length and exceeding 60 kg in weight. The species is entirely aquatic and endemic to Mainland China. It is widely distributed in central and southern China in the area of approximately 23.5 -35 ° N and 100 -120 ° E. (Zhao et al . 1988; Fu 1993) , although its distribution once reached 40 ° N. The Chinese giant salamander occurs in all three major river systems in China, the (north to south) Yellow, Yangtze, and Pearl rivers. Until the construction of canals approximately 1400 years ago, these rivers had been isolated from one another. If the populations are indigenous to these three river systems, and have not been subject to displacement by humans, then it is very likely that the salamander populations in the three major river systems would be genetically distinct from one another. Recent work with other species of salamanders has shown substantial genetic divergence and geographical structuring among salamander populations (e.g. Matsui 1987; Good & Wake 1992; Highton 1997 ). Thus, it is possible that A. davidianus is actually a composite of several genetically distinct species.
The range of A. davidianus has greatly shrunken and the population size declined sharply in the past two decades. This decline is largely due to the loss of primary habitat and human consumption (Fu 1993) . The Chinese giant salamander has been under state protection since 1973, and is currently listed as a State Special Protected Animal (category II) under the Chinese Conservation Law, and in Appendix I of CITES. As a measure of conservation, a few artificial breeding programmes are ongoing.
An understanding of the genetic diversity of the Chinese giant salamander is critical for formulating conservation strategies and policies. Furthermore, an accurate recognition of the species is critical for ex situ propagation programmes. To test the null hypothesis that all Chinese giant salamanders comprise a single species, we examine allozyme variability and divergence, and mtDNA sequence variation among the specimens collected from various locations representing the three major Chinese river systems.
Materials and methods
Nineteen specimens of Andrias davidianus from six localities in China representing all three of the major river systems were collected, donated, or purchased. These localities are plotted in Fig. 1 and sample sizes, localities, and voucher specimen numbers (Royal Ontario Museum field and tissue numbers) are given in Table 1 . All voucher specimens of A. davidianus are currently maintained at the Chengdu Institute of Biology, Chinese Academy of Sciences, and all frozen tissue samples are maintained in the frozen tissue collections of the Royal Ontario Museum (ROM). We used two specimens of the hellbender, Cryptobranchus alleganiensis , as our outgroup taxon.
Following accepted animal welfare protocols, most specimens were euthanized using MS222 and immediately dissected. Liver, skeletal muscle, heart and whole blood Fig. 1 were obtained from most of the specimens. Only tail muscle and blood tissue samples were collected from the four specimens from Sichuan. All extracted tissues were immediately frozen in liquid nitrogen, and subsequently maintained at -80 ° C in the ROM.
Allozyme electrophoresis
Tissue homogenization, electrophoretic protocols, Enzyme Commission (E.C.) numbers, and enzyme system, locus and allelic nomenclature follow Murphy et al . (1996) . Enzyme loci, tissues used for allozyme analysis, and buffer conditions are given in Appendix 1. To establish protein electrophoresis protocols, we initially screened 57 enzyme stains for four specimens on up to 14 buffer systems to maximize the number of loci resolved. In most cases, we resolved enzyme loci on more than one buffer system in order to maximize the resolution of allozyme variation. Specific data are available on request.
Allozymes were consistently resolved for 40 loci for all populations of A. davidianus , and usually for all 15 individuals examined (excluding the four specimens from Sichuan Province). These data were entered as individual genotype frequencies for analysis with biosys (Swofford & Selander 1989) . Several other loci not consistently resolved in all localities were deleted from our analysis. Genetic variability estimates for each sample included: (i) the mean heterozygosity per locus by direct count (MHDC); (ii) per cent of loci polymorphic (PLP); and (iii) the mean number of alleles per locus (A). The genetic distance of Nei (1978) were calculated for all possible pairwise sample comparisons, and these were clustered by the Distance Wagner algorithm (Farris 1972) . For network rooting, we used the midpoint on the longest branch. Wright's (1978) hierarchical F -statistics ( F IS , F IT , and F ST ) were calculated for all variable loci.
mtDNA sequencing
The standard phenol/chloroform method was used to extract DNA from muscle tissues. Laboratory protocols followed Palumbi (1996) . Polymerase Chain Reaction (PCR) was used for amplifying the DNA samples, and PCR products were isolated by electrophoresis on 1.5% agarose gels followed by purification using GeneClean procedure (Bio101). Double strand DNA was sequenced directly using Sequenase 2.0 with S 35 -labelled dATP (Amersham Pharmacia Biotech Inc.). Protocols followed the manufacturer's recommendations with minor modifications. Four primers were used for amplifying and sequencing the target ATPase 6 and cytochrome b gene segments: L8552 5 ′ ATG AAC CTA AGC TTC TTC GAC CAA TT 3 ′ ; H8956 5 ′ ATA AAA AGG CTA ATT GTT TCG AT 3 ′ (O. Haddrath, personal communication); L14841 5 ′ CCA TCC AAC ATC TCA GCA TGA TGA AA 3 ′ ; H15149 5 ′ GCC CCT CAG AAT GAT ATT TGT CCT CA 3 ′ (Kocher et al . 1989) . Letter L and H refer to light and heavy strands, and the numbers refer to the position of the 3 ′ ends of the primers in the complete human mtDNA sequence (Anderson et al . 1981) . All sequences were completed on both directions with over 90% overlap. DNA sequences were edited in esee (version 3.0, Cabot & Beckenbach 1989) .
The phylogenetic analysis of the mtDNA haplotypes was conducted with paup * (version 4.01b, Swofford 1998), using heuristic search routines and the maximum parsimony criterion. The DNA sequence divergence of populations was measured by p -distance i.e. the proportion ( p ) of nucleotide sites at which the two sequences compared are different.
Results

Allozymes
Fifteen specimens from six populations (populations 1, 2, 6, 7, 8, 9 in Fig. 1 and Table 1) Table 2 provides allelic frequencies for the nine polymorphic loci.
The genotypic variability observed among the six populations of Andrias davidianus is summarized in Table 2 . Alleles are lettered by their relative mobility starting with 'a' as the most anodal. Several populations of Chinese giant salamanders expressed alleles that may be restricted to one or a few localities. For example, Est-3(b) occurred only in populations from Huangshan and Fuchuan, Est-3(c) was found only in population of Dayong, and the remaining populations expressed Est-3(a). The Chang'an population could be differentiated from all others by the presence of allele Pep-A(a). Pgk-1(b) and Tpi-A(a) occurred only in the Huangshan population. In comparison, of the 40 loci resolved, apparent fixed allelic differences occurred at two loci (Est-3 and Pep-A) among the six populations of Chinese giant salamander.
The heterozygosity (MHDC), polymorphism (PLP), and the mean number of alleles per locus (A) of each population are presented in Table 2 . Treating all populations together resulted in an MHDC of 0.0417, a PLP of 0.225 and an A of 1.275. Caution should be exercised in interpreting these results as most are estimated from very small sample sizes. Estimates from larger sample sizes revealed a higher proportion of polymorphic loci. The Huangshan population, which has the largest sample size ( n = 5), had the largest percentage of polymorphic loci (12.5%, Table 2 ). Mean heterozygosity is neither particularly high nor low, averaging about 5% as estimated by either direct count or Hardy-Weinberg expectation. Table 3 lists F IS , F IT , and F ST values for all variable loci. The F -statistics were calculated across all samples of A. davidianus only. These statistics are hierarchical (see Wright 1978; Hartl & Clark 1989) in that F IS gives the average inbreeding coefficient of an individual within its breeding unit, F IT gives the average inbreeding coefficient of an individual relative to the total population, and F ST the level of substructuring among populations. F ST values will range from 0 (complete panmixia) to 1.0 (breeding units fixed for alternative alleles), while F IS and F IT values can be positive (heterozygote deficiency) or negative (heterozygote excess). F IS values for all samples of A. davidianus range from -0.818 (Fbp-2) to 11 800.721 (Est-3). The weighted mean value of -442.951 suggests a strong surplus of heterozygotes. F IT values ranged from -0.250 (Fbp-2) to 1.000 (Pep-A). The mean value of 0.437 is indicative of individual heterozygotic deficiency and that A. davidianus is not a panmictic species. Finally, the F ST values ranged from 0.263 (Pgk-1) to 1.000 (Pep-A) with a weighted mean value of 0.639. These values are strongly indicative of genetic substructuring among populations of Chinese giant salamanders (Wright 1978) . Table 4 presents the pairwise comparisons of genetic distance (Nei's D; Nei 1978) (2) cc (4) cc (1) cc (2) bc (1) bc (1) Est-3 aa (1) aa (3) ac (3) bb (5) bb (1) aa (2) Fbp-1 bb (1) bb (3) ab (3) ab (1) ab (1) ab (1) aa (4) aa (1) Fbp-2 ab (1) bb (3) bb (3) bb (3) ab (1) bb (2) ab (2) sMdh-A bb (1) bb (3) bb (3) aa (5) aa (1) bb (2) ab (1) Pep-A aa (1) bb (3) bb (3) bb (5) bb (1) bb (2) Pgk-1 aa (1) aa (3) aa (3) bb (2) aa (1) aa (2) ab (3) Pnp-A aa (1) bb (3) bb (2) bb (5) ab (1) bb (1) ab (1) aa (1) Tpi-A bb (1) bb (3) bb (3) ab (3) bb (1) bb (2) Among the 17 individuals examined, 29 sites in ATPase 6 and 15 in cytochrome b were variable. For ATPase 6, 13 of these occurred at the first codon position, one at the second codon position and 15 at the third codon position. For cytochrome b , four occurred at the first codon position, two at the second codon position, and nine at the third codon position. Pairwise differences ( p -distance) among the samples ranged from 0.000% to 4.570% of ATPase 6 and 0.000% to 3.268% in cytochrome b (Table 5) .
The combined ATPase 6 and cytochrome b data yielded 39 potentially phylogenetically informative characters. The phylogenetic analysis resulted in 14 most parsimonious trees with 74 steps, consistency index (CI) of 0.5811 and Nei's (1978) genetic distance for the allozyme frequency data. PE = Pearl River; YL = Yellow River; YZ = Yangtze River. Fig. 3 .
Discussion
Genetic divergence among populations
Allozymes showed substantial variation. An average heterozygosity (MHDC) of 0.0417 and polymorphism (PLP) of 0.225 are slightly below the average among urodeles, which are 0.070 and 0.234, respectively (Nevo & Belles 1991) . Merkle et al. (1977) reported low variation among populations of Cryptobranchus alleganiensis. Among the 12 populations examined, only two out of 24 loci were polymorphic compared to nine out of 40 in Andrias davidianus, even though the latter had a much smaller sample size. Merkle et al. (1977) also predicted that the lack of genetic variability is probably a property of paedogenic salamanders. Clearly, the results from this study did not confirm this prediction. The Nei's distance among populations of A. davidianus (mean = 0.060, range = 0.004 -0.169; Table 4 ) is similar to those of hynobiid salamanders, which have been recognized as the closest sister group of cryptobranchids (Duellman & Trueb 1986) . Matsui (1987) (Highton 1995; Wake 1997) . mtDNA sequences also showed substantial variation. The observed sequence difference among specimens of A. davidianus ranges up to 3.268% in cytochrome b and 4.570% in ATPase 6, which is typical for aquatic organisms. For example, the rainbow fish Melanotaenia splendida has less than 4% divergence among populations of cytochrome b gene (Zhu et al. 1994) . Interestingly, the aquatic Andrias has lower divergence than several terrestrial salamander groups. Tan & Wake (1995) reported 7 -9% cytochrome b divergence among populations of Taricha torosa. Cytochrome b variations in the salamander Ensatina eschscholtzii are as high as 12.1% (Moritz et al. 1992) .
The populations of A. davidianus showed significant substructuring. The F-statistics (F IS , F IT , and F ST ) strongly indicated substructuring among populations of Chinese giant salamanders. Wright (1978) considered that F ST of greater than 0.25 is very great genetic differentiation, and the Chinese giant salamander has a mean value of 0.639. Fig. 3 Phylogeny of the mtDNA haplotypes of the Chinese giant salamander, Andrias davidianus, based on combined partial sequences from cytochrome b and ATPase 6. PE = Pearl River; YL = Yellow River; YZ = Yangtze River. The numbers refer to voucher specimens (Table 1 ).
The populations from Huangshan and Fuchuan had one apparent fixed allelic difference from other populations, as did the population from Chang'an.
The distinctive Huangshan population
The Huangshan population revealed largely distinctive mitochondrial and nuclear genomes. On the mtDNA haplotype tree, seven unambiguous changes united the five Huangshan specimens, including three unique, nonhomoplastic synapomorphies. The Huangshan population also showed unique alleles at two loci, Pgk-1 and Tpi-A. However, this population probably does not constitute a separate species as indicated by the absence of fixed allelic differences.
The Chinese giant salamander occurs primarily in mountain streams with clear, cold water. Occasionally, some individuals were found in large rivers, such as the Yangtze, often as a result of flooding. Therefore, gene flow between populations is limited. Huangshan is an isolated mountain region in the lower Yangtze River basin of central China. It is one of the most easterly populations of the Chinese giant salamander. The geographical isolation may have fostered genetic drift, which resulted in its genetic distinctiveness. Until recently this area has been one of the least economically developed. Therefore, the endemic salamander population is perhaps the one least affected by human activities, i.e. relocation. This, at least partially, may also be responsible for the distinctiveness of the Huangshan population.
Besides the Huangshan population, samples from Beichuan, Dayong, and Fuchuan also showed very distinctive mtDNA. For example, the Beichuan population has eight unambiguous nucleotide changes on the mtDNA tree, and the population has about 0.98 -2.288% differences of cytochrome b of other populations.
The lack of geographical correlation
Although there is substantial substructure among the populations, these variations correlate poorly with geographical distribution. On the allozyme tree, although the two Yellow River populations, Yuanqu and Chang'an, grouped together, populations from neither Yangtze nor Pearl River clustered. On the mtDNA haplotype tree, the only individuals from the Huangshan population clustered together.
This lack of geographical correlation may be attributed to human relocations of the salamanders. Although protected, during the last two decades, and probably for more than a century, the salamanders have been extensively traded both as a traditional Asian medication and a food source. The earliest record of their use in traditional Asian medicine, and we assume concomitant with movement in China, dates to more than 2300 years ago (Anonymous, 300-500 bc). More recently, during 1954, 7500 kg of salamanders was collected from Sangzhi County alone (Liu & Liu 1993 )! When confiscated today, the salamanders are usually released at the supposed original location, but undoubtedly many were mistakenly sent to the wrong river. Escapes during transport may be another source of relocation. The specimens from Fuchuan (Pearl River system) were closely associated with one specimen from Dayong (Yangtze River system), as supported by nine synapormorphies. However, the allozyme data did not indicate any special link between the populations of Dayong and Fuchuan. This association likely resulted from a recent human relocation. The maternal lineage of the Fuchuan specimen probably originated from Dayong or an adjacent area.
Conservation implications
One major goal of conservation is to preserve existing genetic diversity. Our study is essential to understanding the genetics and evolution of the Chinese giant salamanders. We believe that human relocations have had substantial influence on population structure. This artificial dispersal has been increasing the gene flow among the geographically separated populations, and reducing the localized genetic diversity. Conservation policies should try to halt human relocations.
Although several populations showed genetic uniformity, localized diversity exists, as in the population from Huangshan. Protection polices should concentrate on distinct populations of this kind. The results of this study also have great relevance to captive breeding programmes. On one hand, it may be desirable to establish the breeding programmes using only individuals from a localized population. On the other hand, if the ex situ breeding programme strives to augment natural populations, then it should be determined that the breeding stock excludes individuals that have been relocated from another region. Consequently, our data may form an invaluable base for species survival programmes, and serve as a standard for potentially identifying the geographical origin of captive individuals now in zoos, even given apparent human relocations within China.
Future directions
The distinctiveness of the Huangshan population demonstrates the existence of a substantial genetic divergence. The same level of divergence may also exist at other isolated mountain regions in central China, such as Dabieshan or Wulingshan. High levels of divergence are also possible at the upper reaches of the three river systems in western China. Most of these areas are close to the Tibetan Plateau, where human activities have little influence on the populations.
The first priority should be to identify localized diversity. More samples from more isolated locations should be collected. A more fine-grained genetic investigation, such as microsatellite DNA, will better evaluate the extent of genetic diversity in the Chinese giant salamander.
Appendix 1 Enzyme and electrophoretic conditions used in population surveys of Andrias davidianus from China. Enzyme system and electrophoretic buffer abbreviations follow Murphy et al. (1996) . Tissue abbreviations are: M = skeletal muscle; H = heart muscle; L = liver; K = kidney; B = whole blood 
